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In machine assembly it is often required that bolts used to fasten 
machine parts be installed with specific design preloads. Because it is 
inconvenient to measure preload directly, preload specifications are 
usually based on some more easily measured quantity with which the level 
of preload may be correlated. Most often this quantity is the torque to 
be applied to the bolt at installation. Studies by Blake and Kurtz [1] 
and Heyman [2] have shown that when bolts are torqued into place, the 
fraction of applied torque which translates into useful preload is small 
and widely variable. This is so because the large majority of applied 
torque is absorbed in overcoming friction in the bolt's threads and at 
the underside of the bolt's head. Consequently, even though the torque 
to install different bolts may be identical, small variations in 
frictional conditions from one installation to the next can result in 
large variations in preload. The unreliability of torque as an indicator 
of preload has been the motivating factor behind the development of a 
number of alternate methods of measurement [2-5]. 
In this paper we report the results of a series of experiments 
designed to investigate some of the capabilities and limitations of an 
automated method for axial bolt-stress determination. The method is one 
which was developed to permit rapid measurement of axial stress in bolts 
using ultrasonic pulse-echo time-of-flight measurements. Through 
utilization of both shear and longitudinal acoustic waves, the necessity 
of knowing the bolt's initial length or of having access to more than one 
end of the bolt is avoided. However, accurate measurement requires that 
the head and threaded end of the subject bolt be flat and parallel. The 
technique has been presented in detail elsewhere [5,6], however, for 
completeness we present a brief overview of the theory on which the 
system is based, as well as a short description of the instrumentation 
used. Following this we describe and present results from experimental 
investigations of the effects of temperature, bond thickness, and plastic 
deformation on measurements of axial stress made using this system. 
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THEORY 
Following the theoretical work of Hughes and Kelly [7], it may be 
shown that, to first order of approximation, the velocities of 
longitudinal and shear waves propagating along the loading axis of a 
metal subject to uniaxial tension T are given as [5] 
(1) 
Here and subsequently, the subscript i takes the values 1 and 2 
corresponding to longitudinal and shear polarizations, respectively. The 
Vi are then the propagation velocities of the two waves, ViO are the 
velocities in the stress-free bolt, and di are the acoustoelastic 
constants. In words, Eq. (1) indicates that the velocities at which 
ultrasonic waves propagate along the axis of a bolt vary linearly with 
the applied stress. 
The length of a bolt is not normally in a state of uniform axial 
stress. Recognizing this we make the simplifying approximation that the 
bolt's length is comprised of one region, of length a, which is uniformly 
stressed and another region, of length k, which is completely unstressed. 
The times-of-flight ti for waves to travel from the head of the bolt to 
the far end, and then return is 
t· = 2 [a + 1 __ 
Vi 
k ] • 
ViO 
(2) 
Combining Eqs. (1) and (2) and eliminating the length a yields the stress 
equation 
(3) 
Assuming that the material constants dI , d2' VIO' and V20' and the 
geometric parameter k are known, the axial stress may be determined from 
the measurement of times of flight tI and t2 using Eq. (3). 
INSTRUMENTATION 
There are a number of laboratory techniques which may be used to 
measure the times-of-flight of ultrasonic shear and longitudinal waves in 
a material [8]. Our particular interest was in developing a system which 
could be used by quality control personnel to check bolt preload in a 
production environment. This requires that the measurements and 
associated data reduction be performed as rapidly as possible. To 
provide this necessary speed, a microprocessor-based instrument was 
developed. 
The basic elements of this system are the ultrasonic transducer and a 
fast AID conversion unit which allows the collection of an entire 
pulse-echo pattern from a single excitation of the transducer. A special 
2.5 MHz transducer was developed for this work which, when excited by an 
electrical pulse, produces both longitudinal and shear waves of 
significant amplitude. By adjusting the shape of the input pulse, either 
the longitudinal or the shear wave signal can be emphasized. The 
importance of the use of this single-element transducer is that both 
times-of-flight ti can be measured with only one transducer application. 
Further, this arrangement simplifies the electronics necessary to make 
the measurements by eliminating the need for switching relays. The 
transducer is also equipped with a magnetic sleeve around the case which 
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serves to hold it in place on ferro-magnetic bolts. The fast AID 
conversion board allows 8-bit digittzation at sampling rates up to 20MHz 
and has on-board storage for up to 32768 (215 ) data points. This allows 
continuous data acquisition at maximum sample rate for up to 1.6 ms -
enough to capture the transient of almost any ultrasonic event with 
frequency content below 10MHz. 
During a typical measurement, the sequence of events is as follows: 
A small amount of viscous couplant is deposited on the head of the 
subject bolt and the transducer is placed on the center. The computer 
generates a square pulse of 100 ns duration which is amplified and then 
sent to the transducer. The resulting transducer response is again 
amplified and input to the AID converter. The digitized data is then 
transferred to the CPU for analysis. Times-of-flight are determined from 
the digitized data using a method similar to that described by Hull, 
Kautz, and Vary [9], and the stress is calculated from Eq. (3). The 
precision with which the times-of-flight can be determined with this 
system is around 3 ns. Normally, the entire measurement process takes 
about 2 s, once the transducer is in place. 
EXPERIMENTAL RESULTS 
Experimental results in development and verification of the technique 
have been presented elsewhere [5,6]. The data presented here concerns 
the sensitivity of the estimated stress to such environmental and system 
parameters as temperature, bond thickness and prior plastic deformation 
of the bolt. 
To begin the testing process, three commercial grade 8, 7/8 in. by 6 
in. bolts were selected at random for testing. The ends of the bolts 
were machined in a lathe, removing just enough material to ensure that 
the ends were sufficiently flat and parallel. One of these bolts was 
then used for the determination of the initial velocities ViO' These 
values were taken to be representative of the set of bolts and were 
therefore used for all of the subsequent stress evaluations. The 
acoustoelastic constants d i and the geometric factor k were taken from 
previous experiments on grade 8 bolts. A list of the constants entering 
Eq. (3) is given in Table I. 
To examine the effect of limited temperature variation on the stress 
measurements, a thermocouple was attached to the shank of each bolt and a 
thermally insulating material placed over the region of the sensor. 
Transducers were then installed on the head of each bolt and the 
assemblies were placed in a refrigerator overnight. A bolt was removed 
from the cold environment (approximately 5 C) and the transducer and 
thermcouple sensor cables were attached. As the bolt temperature 
increased to room temperature (approximately 20 C), shear and 
longitudinal times-of-flight were recorded at intervals of 0.5 C. This 
process was repeated for each of the three bolts. 
Table I. Material and geometric parameters for 3/4" x 6" grade 8 bolts. 
Parameter Value 
5923 mls 
3232 mls 
12.7 TPa- 1 
0.1 TPa- 1 
1.25 cm 
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The measured times-of-flight were used in Eq. (3) to estimate the 
"apparent stress" acting on the unloaded bolt. In addition, the 
longitudinal time-of-flight was used alone to calculate the apparent 
stress under the assumption that the length of the bolt and initial 
longitudinal velocity were known at room temperature. Results of these 
calculations are shown in Fig. 1 for the bolt which was subjected to the 
largest variation in temperature. The results for the other bolts are 
similar, with the temperature affecting the apparent stress from Eq. (3) 
by approximately -3.4 MPa/C. 
A second series of experiments was performed to explore the effect of 
couplant thickness on the apparent stress of an unloaded bolt. To allow 
proper shear wave transmission, the couplant used is extremely viscous. 
After a transducer is installed on the heasd of a bolt, the magnetic 
sleeve which holds the transducer in place draws the transducer to the 
surface of the bolt, thus thinning the couplant. Following a typical 
transducer application, which consists of manually thinning the couplant 
layer by sliding the transducer around on the bolt head, measurements of 
the times-of-flight were made at one minute intervals. Since we cannot 
measure the couplant thickness directly, we present our results as 
apparent stress versus time after application of the transducer for all 
three bolts in Fig. 2. This data suggests that the uncertainty 
associated with bond thickness is on the order of 25 MPa. Of interest, 
though, is the fact that the errors (apparent stress on the unstressed 
bolts) at the beginning of the tests are not substantially different from 
the errors at the end of the tests. Thus we conclude that measurements 
of stress can be made as soon after the application of a transducer as 
desired without loss of accuracy. 
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Figure 1. Apparent stress versus temperature for an unstressed 3/4" x 6" 
grade 8 bolt using Eq. (3) (solid line) and using longinudinal 
time-of-flight measurement only (dashed line). 
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Figure 2. Apparent stress versus time following placement of the 
transducer on the head of an unstressed bolt. Each curve 
corresponds to a different bolt. 
The third effect chosen for experimental investigation was that of 
plastic deformation. Previous experience with the failure of the bolts 
in use in this work indicated that the plastic deformation would be 
concentrated in the region where the threads meet the shank. Thus, 
strain gages could not be used to monitor the deformation. As a means to 
monitor the deformation, an extensometer was constructed. This 
extensometer consists of two parallel leaf springs separated by a rigid 
block, with strain gages mounted on each spring to sense the motion of 
the knife-edged ends. 
This extensometer was then mounted on one of the bolts, the bolt was 
installed in the tensioning device and the ultrasonic transducer was 
applied. The bolt was subjected to tension sufficient to cause 
appreciable plastic deformation, and was then completely unloaded. This 
loading cycle was repeated two times for each bolt so that the total 
plastic strain in the region undergoing plastic deformation was on the 
order of 2%. Ultrasonic measurements of the stress in the bolt were made 
at 0.1% intervals of the strain as determined by the extensometer. 
Results of these tests are shown for one bolt in Fig. 3. In this figure, 
three stress-strain curves are shown - one corresponding to the actual 
applied stress (solid line), one corresponding to the estimate of stress 
from the time-of-flight measurements used in Eq. (3) (dashed line), and 
one corresponding to the use of the longitudinal time-of-flight alone 
(dotted line). It should be noted that the indicated strain in the 
elastic range is larger than would be expected for the level of stress 
given an expected Young's modulus. This is likely due to the fact that 
the stress is computed for the shank of the bolt, while the extensometer 
extends over the threaded region where the load carrying diameter is 
smaller. 
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Figure 3 indicates that the presence of a modest amount of plastic 
deformation does not significantly affect the ability of this system to 
estimate the applied stress . It is interesting to note that the error 
associated with the ultrasonic estimates is more-or-less constant 
following the first cycle of plastic deformation. When the 
time-of-flight for the longitudinal wave is used by itself (assuming that 
the initial length of the bolt is known) the estimates of the stress get 
progressively worse as the plastic deformation increases. This is 
because the overall bolt length is increasing due to the plastic 
deformation, while the stress estimate is based on an assumption of 
elastic deformation (and the corresponding length change) only. The 
method based on Eq . (3), on the other hand, avoids this difficulty by 
having eliminated the stressed length from the calculation. Thus, as long 
as the initial velocities and acoustoelastic constants are not affected 
by the plastic deformation, the stress evaluation using both the shear 
and longitudinal waves should be as accurate following plastic 
deformation as before. 
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Figure 3. Stress-strain curves for a 3/4" x 6" grade 8 bolt subject 
to plastic deformation; actual applied stress (solid line), 
stress estimate from Eq. (3) (dashed line), and stress 
estimate using longitudinal time-of-flight only (dotted line). 
The results of these tests are particularly interesting in light of 
the recent work of a number of researchers into the effects of plastic 
deformation on the acoustoelastic behavior of metals [10-13]. The 
results presented here do not necessarily indicate that the material 
constants at any particular location are unaffected by the plastic 
deformation. Rather, they indicate that the localized nature of the 
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plastic zone causes whatever changes do occur to have a relatively minor 
influence on the overall material parameters, which are average values 
over the entire length of the bolt. . 
CONCLUDING REMARKS 
The data presented on temperature effects suggests a need for 
temperature compensation in the measurement process. This compensation 
can be achieved for either the approach using Eq. (3) or the approach 
involving longitudinal waves only, though the correction factor is 
greater for the latter method of evaluation. One option for providing 
this compensation without having to know the bolt temperature or the 
slope of the curve in Fig. 1 would be to have an unstressed bolt at the 
same temperature as the stressed bolt. Then, the unstressed bolt could 
be used to determine the initial velocities, which are functions of 
temperature. A further refinement of the system would be to incorporate 
a temperature probe and the necessary software to provide the 
compensation based on the slope of the curve in Fig. 1. 
In practice it is expected that a stress measurement will be 
performed in a short time after the transducer has been placed on the end 
of the bolt. The data on the apparent stress versus time following the 
transducer application indicates that the uncertainty in stress 
measurement is not substantially greater in this early time than in the 
later time when the couplant has reached its steady-state thickness. 
Finally, the data presented on the effects of plastic deformation 
illustrate the capability of the instrument to accurately measure stress, 
even when significant plastic flow is present. These results indicate a 
Significant advantage of the method proposed in [5,6] over more 
conventional single polarization techniques which depend upon knowledge 
of the length of the bolt and assume that the deformation is purely 
elastic. 
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